We review key aspects of what is known about limb regeneration in urodele and anuran amphibians, with a focus on the early events of the process that lead to formation of the regeneration blastema. This includes the role of the nerves and wound epithelium, but also covers the inflammatory effects of the amputation trauma and their importance for regenerative growth. We propose that immunotolerance is important for limb regeneration and changes in its regulation may underlie the loss of regenerative capacity during anuran metamorphosis.
INTRODUCTION
Regeneration of amputated amphibian limbs is perhaps the most dramatic example of reparative growth among vertebrates. In anuran amphibians (frogs and toads), regeneration is restricted to the developing larval limb, but limb regeneration occurs throughout life in many, if not most, urodele species (newts and salamanders). Unlike fin and tail regeneration, the process in limbs includes reproduction, not only of a complex musculature and vasculature, but also a skeleton of articulated endochondral bones with the original anterior/posterior patterning of the autopods (hands or feet). Regeneration occurs via several overlapping phases, including wound closure, dedifferentiation, cell proliferation and migration, growth, patterning, and differentiation [1] . Understanding this process involves sorting out how the events elicited by the trauma of amputation set the stage for and integrate with the morphogenetic events and growth that allow the replacement structures of the limb to form.
It is now well established that the genes and at least the general patterning mechanisms required to reproduce missing limb components from an initial distal accumulation of cells, the regeneration blastema, in the limb stump are similar to those that directed limb ontology in the amphibian larva [2] . Detailed analysis of embryonic limb formation in the chick and mouse has been immensely successful in elucidating the signaling centers and molecular basis of this process [3] . A major issue in limb regeneration research is now and has long been to understand the cellular events that lead up to the blastema. Thirty years ago, Tassava and Mescher [4] proposed a general framework by which the major influences that allow limb regeneration are integrated and since then, work has not only confirmed those proposed roles, but has also provided the molecular mechanisms.
REQUIREMENTS FOR LIMB REGENERATION
Classic studies from the 1920s through the 1960s showed that mesenchymal blastema cells arise locally by tissue and cell dedifferentiation rather than from circulating or tissue-specific stem cells (reviewed in [2] ). Remodeling of the extracellular matrix (ECM), loss of tissue-specific histological features, and renewed proliferative activity begin during the inflammatory response to the trauma of amputation and do not require the signals for growth and patterning that maintain the blastema subsequently. Dedifferentiation in each of the cell types in limbs and their contribution to the blastema has been discussed elsewhere [5, 6] .
One poorly investigated aspect of limb regeneration that is likely of great importance to the overall process is the role of lymphocytes and other leukocytes emigrating to the site of injury during the earliest phase of regeneration. The systemic changes elicited by amputation and the effect on circulating white blood cells are indicated by differential counts of the cells during limb regeneration. After unilateral forelimb amputation in adult newts, the numbers of circulating lymphocytes and monocytes drop by more than 50% and do not return to normal levels until regeneration nears completion [7] . The injury may mobilize lymphocytes and macrophages to other sites besides the distal limb stump, but the presence of these cells in the early blastema has been noted in most earlier histological studies [8, 9] . Hay and Fischman [10] estimated the number of newly produced monocytes and granulocytes alone in the newt limb stump during dedifferentiation (5 days after amputation) at 5000. While macrophages and neutrophils are no doubt employed to remove debris, dead cells, and bacteria, their other activities and the importance of the lymphocytes remain largely unknown.
Loss of tissue-specific gene expression and renewed cell cycling after injury occur routinely in cells of skin, various connective tissues, and Schwann cells in all vertebrates. What may be unique to amphibians is dedifferentiation and cellularization of the multinucleated fibers of skeletal muscle. Brockes and Kumar [6] found that cell cycle re-entry in newt myotubes is regulated by thrombin, a serine protease generated proteolytically during inflammation from the prothrombin in serum by the enzyme complex known as tissue factor. Thrombin-induced events in the myofiber nuclei include downregulation of Myf5 [11] and up-regulation of Msx1 [12] .
For the patterning events that direct formation of the blastema into the new limb, mesenchymal cells derived from fibroblasts appear to be of primary importance [5] . Though morphologically similar in various organs, "fibroblasts" are known to represent a heterogeneous set of connective tissue cells expressing a wide variety of genes unique to specific tissue microenvironments [13] . Early histological investigations of limb regeneration suggested that the first cells forming a recognizable blastema in the distal limb stump are fibroblasts derived from connective tissues of skin, muscles, nerves, and blood vessels (reviewed by [8, 9] ). Subsequent work confirmed the quantitative importance of cells from connective tissue, particularly the dermis, in the early blastema and suggested that interactions among these cells according to their positions and tissues of origin guide the subsequent development of other limb tissues in the regenerating limb [14, 15] . Gardiner and colleagues [16] suggested that besides giving rise directly to the various connective tissue components of the new limb, these cells form a "blueprint" or scaffold that guides the subsequent immigration and growth of cells for the muscles, nerve sheathes, and blood vessels.
Schmidt [9] compares the early blastema of "fibroblasts" with the granulation tissue formed by fibroblasts in the early phase of mammalian wound repair. However, he points out a significant difference between the cells in the two systems with regard to their production of collagens and other ECM components. While formation of bundles of heavy collagen fibers dominates cutaneous repair in mammals, presumably to increase the tensile strength of the wound, in the growing amphibian blastema, collagen accumulation is limited to thin amorphous fibrils and there is little aggregation of isolated fibrils into coarser fibers until the reformation of muscle and cartilage proximally. Collagen turnover and fiber formation is regulated by collagenases and a variety of matrix metalloproteinases (MMP). Activities of these enzymes during dedifferentiation and blastema growth in amphibian limbs have been well studied [17] and inhibition of this activity has recently been shown to cause stunted or completely blocked limb regeneration in adult newts [18] .
Once the earliest events involving tissue dedifferentiation, ECM remodeling, and cell cycle re-entry have been initiated as part of the response to amputation, growth of the regeneration blastema depends on factors released from two other sources: the apical "wound epidermis" and nerves. In amphibians capable of regeneration, skin wounds are closed by very rapid migration of a sheet of epidermal cells (keratinocytes) from the edges of the wound, rather than by the slower contraction of complete skin as occurs with cutaneous wounds of other vertebrates. In amputated limbs of newts, salamanders, and young anuran larvae, the cut surface is closed within hours by this "wound epithelium" or apical epidermal cap (AEC) which, lacking both a well-defined basement membrane and an underlying dermis, is in direct contact with the damaged tissues undergoing inflammation and beginning to dedifferentiate. The AEC soon becomes stratified and thickens as mesenchymal cells begin to accumulate directly underneath.
Classic work suggesting the AEC's histolytic function and possible role in tissue dedifferentiation (reviewed in [19] ) is supported by the recent demonstration that several MMPs are expressed in basal cells of this structure [17, 18] . The proposal that blastema cell accumulation beneath the AEC reflects its paracrine release of mitogens [4, 20] is consistent with the presence of fibroblasts growth factors (FGF) in the epithelial tissue [15, 21] . Thus, the AEC resembles the apical ectodermal ridge of the embryonic chick limb in its basic mechanism of promoting limb growth. FGF expression in both systems has been well studied. Genes for several FGFs are transcribed in both the AEC and the mesenchyme of the growing blastema [21, 22] , with the released proteins stored bound to heparin sulfates throughout the ECM [23] . Using two different experimental approaches in vivo, exogenous FGF has been shown to maintain blastemal growth in the absence of the AEC [24, 25] . It now appears very likely that the AEC is of key importance for regeneration, both in its proteolytic effect on the ECM of the subjacent mesenchyme and its sustained mitogenic influence on that tissue's constituent cells.
The trophic influence of nerves on blastema growth emanates from the regenerating axons, sustaining both proliferation and hyaluronan production by mesenchymal cells [5, 26] . Singer [27] showed that this neurotrophic effect is pan-neuronal, is up-regulated during axon regeneration, involves axonally transported proteins, and is required only during the early period of blastema growth. Brockes [28] subsequently demonstrated a subpopulation of blastema cells, possibly derived from the Schwann sheath, with persistent dependence on nerves for growth. One or more FGFs, which were originally purified from neural tissue, were proposed as mitogens for the effect [29, 30] . However this is now considered unlikely, given the widespread nature of FGF expression within the blastema itself [21] , its storage in heparincontaining matrices of the blastema [23] , and its failure to exert any effect on blastema growth when presented on implanted beads in vivo in the absence of nerves [25] .
During the nerve-dependent phase of blastema growth, axons penetrate throughout the mesenchyme, but capillaries are essentially absent except near the skin [31, 32] . This raises the possibility that the axons provide factors required for cell proliferation that are otherwise delivered via the blood supply. The iron transport protein of plasma, transferrin, whose receptor-mediated uptake is the major mechanism by which cells obtain the ferric ion required for deoxyribonucleotide synthesis and maintenance of respiratory chain activity, is abundant in peripheral nerves. This factor undergoes anterograde axonal transport, is released at the distal ends of axons, and is lost from blastema tissue after denervation [33] . Moreover, the effects on cell growth when transferrin is removed from defined media, i.e., failure to complete DNA replication, followed by apoptosis, are also shown by dedifferentiating cells in denervated limb stumps [4, 34] . Transferrin substitutes fully for the neural effect on DNA synthesis in cultured blastemas [35] , although an effect on blastema growth has not been demonstrated in vivo. Nevertheless, the sum of data currently available suggests that axonal release of transferrin in the absence of an adequate supply of this factor from the blood can explain the neural dependence of cell proliferation in the early blastema [36] .
Although most studies on dedifferentiation and the roles of the AEC and nerves have used urodeles (specifically newts and axolotls), it is clear that the general mechanism of regeneration is similar in anuran Xenopus laevis tadpole limbs. Epidermal migration and thickening, as well as cellular dedifferentiation and accumulation, occur in amputated limbs in this anuran species like those of urodeles [37] . In Xenopus blastemas, the distal epithelium and mesenchyme have been shown, respectively, to express FGF-8 [38] and FGF-10 [39] . Cells of Xenopus forelimbs denervated at the time of amputation exhibit normal dedifferentiation, including the early expression of Prx1 and Tbx5, as well as cell cycle re-entry and the onset of DNA replication, but also undergo apoptosis without dividing [40] . Expression of Fgf8, Fgf10, and Msx1 that normally begins later in regeneration was not seen in denervated/amputated limbs, suggesting that cell growth maintained by an adequate nerve supply is required for the activation of FGF signaling that mediates the epithelial-mesenchymal interactions effecting Msx1 expression and limb outgrowth [40] .
Slack [41] has offered the opinion that "in the molecular era, it is crazy to work on an amphibian other than Xenopus" since the number of genes cloned for this species far exceeds that of other amphibians. Techniques for making transgenic animals as well as commercially produced gene microarrays are available at this time only for Xenopus among amphibians. However, regeneration is only complete in anurans while the limbs are at an early stage of development and is grossly pattern deficient or completely lost in fully patterned, differentiating limbs. With these advantages and shortcomings in mind, we have turned to Xenopus to understand the loss of regenerative capacity in vertebrates phylogenetically different from urodeles.
Loss of Regenerative Capacity in Anurans
Most amphibians develop limbs postembryonically, after several days or weeks as free-swimming larvae. In anurans that undergo metamorphosis, the major phase of hindlimb development coincides with the period of tail regression and other changes that lead to metamorphic climax. Amputation of the developing hindlimb in Xenopus during its early stages (from the small, round, limb bud to the first appearance of digit primordia; Nieuwkoop and Faber [42] stages 50−53) usually results in almost perfect reorganization and regrowth of the bud, followed by regeneration of a complete limb [37] . Amputation at progressively later stages of development produces increasingly incomplete regenerates. By the time five digits of the hindlimb are fully formed (stages 57−60) and thereafter, amputation typically is followed only by outgrowth of a cartilaginous "spike" covered by skin, but usually devoid of muscle [37] . Other anuran species display a similar sequence of regenerative loss, but do so more thoroughly than Xenopus and often form no outgrowth at all after amputation of a fully developed limb. At any stage of limb development, distal levels generally retain greater regenerative ability than more proximal levels, with this capacity retained longest at the levels of the joints [43] .
Tassava and Olsen suggested that failure to produce a functional AEC or wound epithelium may explain the loss of regenerative ability in developing anuran hindlimbs [44] . Limbs incapable of regenerating a limb with normal morphology heal with epidermis that is quickly underlaid with connective tissue and fail to express FGF-8 and FGF-10 [38, 39] . Fibrotic activity occurs with little dedifferentiation and little cell proliferation. In species like Xenopus with pattern-deficient regeneration, fibroblastic cells may accumulate as a "pseudoblastema" from which the cartilaginous spike develops. The relative lack of dedifferentiation and failure to establish functional signaling centers in such stumps is concomitant with production of excess collagen and connective tissue [2] .
That a general loss of regenerative capacity occurred during the phylogenic development of vertebrates is well established [45] . What is less well understood by regeneration biologists is that decreasing regenerative potential correlates broadly with refinements of the organisms' adaptive immunity. Although all (jawed) vertebrates express the basic components of the adaptive immune system (T, B, and regulatory lymphocytes; the major histocompatibility complexes; one or more immunoglobulins), urodeles appear to be much less efficient in their use. Transplanted tissues in urodeles are rejected only very slowly and antibody production (IgM only) is slow and inefficient [46, 47, 48] .
A wealth of immunological evidence indicates that adult anurans, which invariably regenerate limbs more poorly than urodeles [49] , possess much more efficient adaptive immunity than urodeles [46] . Among adult anurans, Xenopus and Bombina species, which are members of phylogenetically more primitive families [50] , regenerate amputated limbs more fully than less primitive Rana species [49] . Comparative immunologists indicate that several anatomical features of the immune system and characteristics of adaptive immunity are more advanced in R. pipiens than in X. laevis [51] . Thus, across the spectrum of amphibian species whose immune systems have been examined, there seems in general to be an inverse relationship between the sophistication of adaptive immunity and the capacity to regenerate limbs.
The premetamorphic and prometamorphic period in anurans during which regenerative capacity disappears is a time in which the adaptive immune system, along with nearly all other organ systems, is undergoing profound changes and becoming more efficient. Compared to larvae, postmetamorphic Xenopus reject skin allografts much more rapidly, produce antibodies of greater diversity and binding affinity, and have more effective cytotoxicity for tumor cells [52] . A major turnover of circulating lymphocytes occurs during metamorphosis, leading to self/non-self incompatibility between larval and adult tissues in the same animal. This is indicated both by mixed lymphocyte reactions [53] and by observations that Xenopus skin removed from larvae, cryopreserved, and then grafted back to the same donors after metamorphosis is rejected acutely [54, 55] .
Anurans likely use several strategies to avoid self-destruction by autoimmune mechanisms during the transition from larval to adult tissues, but the best studied is the dramatic rise in corticosteroid hormone levels that accompanies late metamorphosis [52] . Transiently high concentrations of corticosterone may induce apoptosis of larval lymphocytes [52] as well as inhibit the expansion and function of newly formed adult T cells [56] . During the metamorphic period, allogeneic skin grafts are tolerated much longer than similar grafts made during, before, or after metamorphosis [57] . While the adaptive immune system is closely regulated to prevent autoimmunity during the tissue changes that accompany the larval-to-adult transition, the ongoing need for protection against pathogens may be afforded primarily by the organism's increasingly important innate immunity, including the supply of potent antimicrobial peptides characteristic of adult skin [57] .
Although generalized immunosuppression by corticosteroids appears to be important during metamorphosis, autoimmunity against newly appearing, adult-type cells and tissues can also be inhibited locally. Ono and Tochinai [58] demonstrated that "semi-xenogeneic" skin grafts (from X. laevis -X. borealis hybrids) on stage 53−54 X. laevis actively induce local tolerance to the graft. If the hosts first undergo thymectomy, tolerance does not occur, as shown previously by Cohen's and Du Pasquier's groups. The tolerance-inducing activity is due to lymphoid cells in both the dermis and epidermis and about 30% of these cells stain with a marker for T cells. These cells can be isolated from the skin grafts and used to induce tolerance in a new host. Intraperitoneal injection of as few as 100 graft-derived lymphoid cells induces tolerance to similar grafts in new hosts at this stage [58] .
Ono and Tochinai [58] suggest that lymphoid cells extracted from tolerated skin grafts represent another fail-safe mechanism against autoimmunity during metamorphosis by inducing local tolerance of adult-type antigens as they appear. The concept proposed by these authors is basically that of peripheral self-tolerance, which has been widely investigated in mice and men, and is now a well-established aspect of adaptive immunity [59] . We have suggested that greater understanding of peripheral self-tolerance as it occurs in immunologically more primitive vertebrates, such as amphibians, is likely to yield new insights not only into how autoimmunity is avoided during metamorphosis, but also into why new formation of adult-type tissues by regeneration is restricted to such vertebrates [60] .
PERIPHERAL SELF-TOLERANCE AND THE INJURY EFFECT
The concept of peripheral tolerance, which a new textbook refers to as "the final frontier of immunology" [59] , has forced reconsideration of previous assumptions about how autoimmunity is normally avoided. It is now clear that potentially autoreactive T and B cells are not uniformly removed in the thymus and bone marrow (central immune organs) and are common in the circulation. What prevents such cells from becoming activated and attacking self-antigens? Moreover, why is there no immunological attack to those self-antigens acquired only long after birth or late in larval development, such as antigens of developing anuran limbs?
The response of a naïve autoreactive T cell when it meets its cognate antigen in the periphery -to be activated and attack self-tissues or to be "tolerized" and rendered harmless -is determined by a complex interaction with the antigen presenting cell (APC) and the cytokine microenvironment of the interacting cells, which includes factors released from those cells as well as cells that comprise the tissue itself [59] . The most common APCs on which naïve, potentially autoreactive T cells meet their antigens are "immature" dendritic cells (DCs): monocyte-derived cells that reside in many connective tissues and are specialized for antigen presentation to T cells. Immature DCs are those that do not express surface costimulatory molecules on specific binding to a T cell. Without these costimulators, the naïve T cell interacting with an immature DC undergoes tolerization, not activation. The current view is that immature DCs appear to be the prime inducers of peripheral tolerance.
However, in response to tissue injury or infection, the residential DCs mature and do express costimulatory factors on T cell binding. In injuries and certain similar situations for tissues, a variety of "danger signals" are released from damaged and necrotic cells or from invading microorganisms. The most important such signals include various "heat shock proteins" released from lysed cells and various cell wall components of bacteria. Danger signals bind receptors on innate immune system cells (including macrophages and neutrophils) to induce secretion of various inflammatory cytokines which, among other activities, trigger bacterial killing, debris removal, and the onset of wound-repair activities. The danger signals and new cytokines also induce expression of the costimulatory factors on DCs bound to T cells, after which tolerization does not occur and the T cells are activated to participate in fighting infections and repairing tissue damage. If potentially self-reactive lymphocytes are present, their activation can lead to autoimmunity and, in fact, many autoimmune disorders appear after subtle injuries or infections [59] .
That tissue injuries do not usually produce autoimmunity reflects the fact that most lymphocytes specific for self-antigens are eliminated centrally, during their initial production in the thymus. With newly expressed antigens that appear only in organs developing well after the onset of lymphocyte formation in the thymus, such as the factors regulating formation of anuran limbs, the likelihood of selfreactive T and B cells and the potential for autoimmunity emerging in the context of tissue injury may be greater.
IMMUNITY AND REGENERATION
The newly recognized importance of peripheral tolerance and other aspects of both innate and adaptive immunity offer new ways to approach questions about tissue dedifferentiation, the onset of limb regeneration, and the loss of such regenerative capacity in vertebrates with more sophisticated immune systems. Considerations of an immunological influence in limb regeneration are not new [7, 61] , but occurred before the local regulatory interactions of lymphocytes and APCs in the skin were understood and before the importance of DCs in producing local immunotolerance was appreciated. With the importance of peripheral immunity now well appreciated, the observations discussed by earlier investigators should be revisited.
Immune cell interactions may be of particular importance in amphibians since neither urodeles nor certain anurans (such as Xenopus) have lymph nodes [59] . Antigen presentation and tolerization in such vertebrates may occur entirely within the skin and other peripheral tissues, without the involvement of lymph node microenvironments as in mammals. As shown in Fig. 1 , various APCs are present in amphibian skin, including Langerhans cells in the epidermis [62] and MHC class II positive DCs in tadpole skin [63] . We have found Langerhans cells in the epidermis and wound epithelia of regenerating limbs in both urodeles and Xenopus larvae (manuscript in preparation). Langerhans cells are primarily tolerogenic, preventing skin hypersensitivity [63] , and the possibility of a role for these cells in setting the conditions for the blastema to form should be examined. [60] .)
The activities of lymphocytes are also influenced by components of the innate immune system, including complement. Complement factors C3 and C5 are synthesized locally by cells of regenerating limbs [65, 66] , along with several other components of the complement system (manuscript in preparation). The membrane-bound regulator of complement activity, CD59, is also expressed in the blastema and has been implicated in local cell-cell interactions mediating positional identity [67] . Further work may reveal that complement components, as well as activators and inhibitors of complement function, have a variety of functions in the amphibian limb stump, including a tolerogenic function important for establishment of the blastema [68] .
If it is important for regeneration, one might expect local immunotolerance or immune suppression to be demonstrably "stronger" in limbs of urodeles than in the nonregenerating limbs of anurans. Experimental immunoadjuvants, compounds that elicit a strong inflammatory response and generally produce fibrosis, would therefore be expected to be more effective in anurans than urodeles. One such adjuvant is beryllium [69] , which has been shown to inhibit urodele limb regeneration completely when applied in solution to the limb stump [70] . With limb stumps of Xenopus larvae, local beryllium treatment inhibits regeneration at a tenfold lower dose than that required for a similar effect in urodeles and also produces an overt inflammatory response never seen with urodeles (manuscript in preparation). Such results are consistent with the hypothesis that peripheral immunity is regulated differently in the two amphibians, with greater immunotolerance in the limbs of urodeles.
The immune system may even affect the role of nerves in limb regeneration. As recently shown by several investigators [71, 72] various immunological activities, especially functions of APCs and other cells involved in peripheral immunity, are modified by sensory, motor, and autonomic nerves. Thus, the possibility exists that the crucial growth-promoting influence produced by nerves in the early blastema may include neuropeptides exerting their effects via various cells of the immune system. One such neuropeptide, substance P, which has been implicated in blastema growth [2] , exerts a wide variety of effects locally on immune cells and many other such peptides exist [71] .
CONCLUSION
In summary, limbs of urodeles and larval anurans appear to regenerate with the same general mechanism after amputation. Epidermal closure of the wound produces a dermis-free wound epithelium, beneath which tissues undergo dedifferentiation and cells accumulate to form the regeneration blastema. Cells of the blastema have positional identity relative to one another and their growth re-establishes the pattern of the missing limb. In adult anuran limbs that do not regenerate, wound closure by epidermis is concurrent with excessive fibrotic activity which appears to preclude functionality of a potential AEC/wound epithelium. Signaling centers are not established and a blastema capable of forming a normal limb does not arise.
The loss of regenerative ability in anuran limbs coincides with major changes in the immune system, including development of increasingly functional adaptive immunity. Urodeles, which generally regenerate limbs very well, display relatively inefficient adaptive immunity, with poor allograft rejection. Such observations, together with recent work on mammalian models of regeneration that have implicated immunity (reviewed [73] ), have led to renewed interest in how cells of the immune system could be involved in determining the success or failure of limb regeneration [60] . Further investigation of peripheral immunity and immunotolerance in amphibians should provide new insights for understanding regenerative capacity in these organisms.
